Background: Patients with recurrent glioma after prior radiotherapy have a poor prognosis. Carbon ion beam radiotherapy offers highly conformal dose distributions and more complex biological radiation effects eventually resulting in optimized normal tissue sparing and improved outcome. The aim of this study was to analyze toxicity, local control and overall survival after reirradiation of recurrent high-grade glioma with carbon ion radiotherapy. Methods: Between 10/2015 and 12/2018, 30 patients (median age: 59 years) with recurrent high-grade glioma were reirradiated with carbon ion beams and retrospectively analyzed. Diagnosis of recurrent glioma was based on magnetic resonance imaging. Thirteen patients had repeated resection prior to reirradiation and 24 patients underwent additional chemotherapy. The median initial radiation dose was 60 Gy and the median time interval between the initial and repeated radiotherapy was 10 months. The reirradiation dose was 45 Gy (relative biological effectiveness) applied in 15 fractions. All patients received regular follow-up imaging after reirradiation. Kaplan-Meier estimation, log rank test and Cox regression analysis were used for statistical assessment. Results: Applying common toxicity criteria, there were no grade 5 or 4 adverse events, while 8 patients showed grade 3 adverse events. The median follow-up after reirradiation was 11 months and the median overall survival after diagnosis of recurrent high-grade glioma was 13 months. The 6-, 12-and 24-month overall survival rates after diagnosis of recurrent high-grade glioma were 76%, 50% and 19%, respectively. Upon multivariate Cox regression analysis, a Ki67 score of the initial tumor histology of less than 20% was prognostic. Repeated resection or chemotherapy for the recurrent disease did not result in significantly prolonged survival. Conclusion: Carbon ion reirradiation in recurrent high-grade glioma is safe and feasible. No radiation-associated grade 4 toxicities were documented and treatment was tolerated well.
Introduction
Primary tumors of the central nervous system (CNS) had an estimated standardized incidence of 8/100.000 in men and 5.6/100.000 in women in Germany in 2016. Two thirds were glioblastoma. 1 Standard of care includes fractionated radiotherapy up to 60 Gy in 30-33 fractions with concomitant and adjuvant chemotherapy after initial maximal safe resection or biopsy only. 2 Despite intensified treatments, progression is common and management for progressive disease includes systemic therapies, surgery and reirradiation. 2 Median overall survival (OS) after reirradiation for recurrent glioma lies between 6 and 10.7 months. [3] [4] [5] [6] Carbon ions have different radiobiological effects that might have the potential to overcome radioresistence. 7, 8 For example, carbon ions were able to eradicate hypoxic and stem celllike tumor cells and create an antiangiogenic and less immunosuppressive state. 9 Furthermore, due to the specific energy deposition and the Bragg-Peak, carbon ions offer improved normal tissue sparing. Therefore, carbon ion beam radiotherapy might be more effective in eliminating tumor cells while showing less adverse events than photon beam radiotherapy. First clinical results for combined photon and carbon ion treatment have shown encouraging results in a small heterogeneous collective with primary high-grade glioma 10, 11 and therefore could also be a promising approach for recurrent anaplastic astrocytoma and glioblastoma. Recent developments in prognostic scoring systems for patient selection for reirradiation might help to further optimize the management in recurrent glioma. 3, 4 It was our aim to retrospectively assess the outcome and toxicity of patients with recurrent high-grade glioma consecutively treated with carbon ion beam reirradiation at the Marburg Ion-Beam Therapy Center.
Materials and Methods

Patients' Characteristics
Between October 2015 and December 2018 30 patients from Marburg and Gießen University Hospital with recurrent glioma World Health Organization (WHO) grade 3 and 4 after prior multimodal treatment including radiotherapy were reirradiated with carbon ion beams at the Marburg Ion-Beam Therapy Center. Diagnosis of tumor progression was primarily based on magnetic resonance imaging (MRI) including perfusion sequences. Further patients' characteristics are found in Table 1 .
Initial Radiation Treatment
The median initial radiotherapy dose was 60 Gy (range: 37.5-61.2 Gy, one of the patients received hypofractionated 37.5 Gy in single doses of 2.5 Gy) and patients were initially treated with low linear energetic transfer (LET) irradiation in addition to surgical and/or chemotherapeutic procedures. Tumor treating fields were not part of the standard treatment.
Repeated Radiation Treatment
For patient immobilization a thermoplastic head-mask was used. Computed tomography (CT, 3-mm slices) was used for the 3-dimensional treatment planning. For precise contouring a T1-weighted contrast enhanced MRI was 3-dimensionally registered to the planning CT. The gross tumor volume 
Statistical Design and Classifications
The primary endpoint of this retrospective analysis was toxicity; the secondary endpoints were local control (LC) and OS. Time estimates refer to the end of reirradiation, except for OS, which refers to the MRI diagnosis of recurrent disease. MRI included perfusion imaging. LC was defined as the absence of local tumor progression including all cases of stable disease (less than 50% tumor mass reduction), partial remission (tumor mass reduction of at least 50%) and complete remission (requiring no detectable disease). Survival analyses were carried out with I.B.M. SPSS 25 using Kaplan-Meier estimation, log rank test and Cox regression analysis. Adverse events (AE) were classified according to the common toxicity criteria for adverse events version 4 (CTCAE V.4). The first follow-up examination including MRI of the brain was 4-8 weeks after finishing radiotherapy and every 3 months thereafter.
Ethics
The local ethics committee approved the study (Marburg, Germany, study number 166/18). All patients gave written informed consent. This study was conducted in accordance with the Declaration of Helsinki.
Data Sharing Statement
Due to legal aspects of the patients' informed consent, sharing of data is not possible.
Results
Adverse Events
None of the patients developed CTCAE grade 5 or 4 adverse events, while CTCAE grade 3 adverse events were observed in 8 patients. In terms of CTCAE grade 3 toxicity, two patients developed fatigue not relievable by rest and concentration impairment 8 weeks after reirradiation. There was one case of dysphasia with impaired ability to read 12 weeks after the treatment. The symptoms did respond to corticosteroid treatment. However, tumor progression as underlying reason could not be excluded by means of MRI. In two patients involuntary movements of the left limbs and seizures limiting the activities of daily living were reported. These symptoms developed 4 and 8 weeks after therapy and responded to anticonvulsant treatment in both cases. One patient developed incomplete hemiparesis 3 weeks after reirradiation, requiring an assistive device, there was no response to corticosteroid treatment. The MRI in this patient showed edema without clear signs of tumor progression or necrosis. Nevertheless, the symptoms in this case may be tumor-related, as tumor progression was seen on another 
Survival and Local Control
The median time interval between the initial and reirradiation was 10 months. The median follow-up after reirradiation was 11 months (range: 1-23 months) and the median OS after diagnosis of recurrent high-grade glioma 13 months (range: 3-25 months). For glioma WHO grade 3 and 4 the median OS after diagnosis of recurrent disease was 17 months (range: 4-25 months) and 12 months (range: 3-25), respectively. The according 6-, 12-and 24-month OS rates after diagnosis of recurrent disease were 76%, 50% and 19%, respectively ( Figure 1 ). Seven patients showed LC at the last follow-up MRI. The median LC time after finishing reirradiation was 7 months (range: 2-23 months) and the 6-and 12-month LC rates after finishing reirradiation were 45% and 30%, respectively. Pure out-of-field progression was seen in 3 patients. Tables 2 and 3 . In univariate analyses on factors impacting LC a Ki67 score of the initial tumor histology of less than 20% (p=0.014, median 4 months above versus 9 months below) as well as an initial IDH mutation (p=0.044, median 10 months with versus 5 months without) were positive prognostic factors. The presence of WHO grade 3 versus 4 histology did not result in significantly longer local control (median 8 months versus median 5 months, p=0.63). In multivariate Cox regression analysis only a Ki67 score of the initial tumor histology of less than 20% showed significance (p=0.02). Further parameters are found in Tables 4 and 5 .
Prognostic Factors for OS and LC
Discussion
We analyzed all patients with recurrent high-grade glioma consecutively treated with carbon ion beams at Marburg Ion-Beam Therapy Center between October 2015 and December 2018 and being referred by Marburg and Gießen University Hospital. It was our aim to retrospectively assess the treatment results in our patients and help finding ways to improve the outcome in this challenging disease. To our knowledge, this is the first report on clinical outcomes after reirradiation with carbon ion beams in recurrent glioma WHO grade 3 and 4.
To our knowledge, the only report on proton beam reirradiation for recurrent glioma is from Galle et al, who reported on 20 patients. The median survival after reirradiation was 10.2 months in grade 3 glioma and 8.2 months in glioblastoma. 12 In 2011 Minniti et al reported on 36 patients treated with stereotactic reirradiation and concomitant temozolomide for recurrent glioblastoma. The dose of reirradiation was 37.5 Gy, applied in 15 fractions. The median OS after reirradiation was 9.7 months and the 6-and 12-months survival rates were 84% and 33%, respectively. 13 median 30 Gy. 4 Furthermore, Scholtyssek et al reported on reirradiation applying median total doses of 36 Gy in single doses of 2-5 Gy. 15 In their cohort the median OS from the start of reirradiation was 7.7 months and the OS rates at 6-and 12-months were 60% and 24%, respectively. In comparison, our results with a median OS of 13 months after diagnosis of recurrent high-grade glioma and 6-, 12-and 24-months OS rates of 76%, 50% and 19%, respectively, are superior. However, one should take the time interval of eventually 2-4 weeks between diagnosis of recurrent highgrade glioma and start of reirradiation as well as the higher reirradiation dose applied in our cohort into account. In the report by Galle et al 10% of the patients developed unspecified radiation necrosis. 12 Minniti et al reported mainly moderate to severe fatigue (41%) and neurological deterioration due to radiation necrosis in 8% (the latter was treated with dexamethasone) in their cohort. 13 In the study by Scholtyssek et al MRI follow-up examinations were not performed on a routine base and no grade 3 or 4 AE reported. 15 In addition, Krauze et al did not observe any grade 3-5 AE during follow-up and reported mainly fatigue and alopecia as AE. 4 Fogh et al reported that none of their patients required hospitalization or surgery due to toxicity, while 1 patient developed grade 3 headaches. 14 However, even though treatment was generally well tolerated in our cohort and none of the patients was diagnosed with CTC grade 5 or 4 AE, 8 patients (27%) developed CTC grade 3 AE, requiring medical intervention. This higher rate of CTC grade 3 AE might be due to the higher dose applied in our cohort as well as a RBE variation within the prescription volume. In the report by Combs et al on reirradiation in recurrent glioma, the extent of resection and age at primary diagnosis were -among others -significant factors for OS. 3 In addition, Minniti et al reported initial MGMT methylation status to be the only prognostic factor for OS using multivariate analysis. 13 However, in the study by Scholtyssek et al on reirradiation in 64 patients with recurrent high-grade glioma, multivariate analysis on OS revealed female gender, age < 50 years, WHO grade 3 histology, KPS ≥70% and complete resection prior to reirradiation to be positive prognostic factors. 15 Concurrent chemotherapy, the time interval between initial and reirradiation and the PTV volume were not prognostic. The data reported by Fogh et al showed younger age at diagnosis, smaller GTV and an increasing number of lesions to be prognostic for OS in multivariate analysis. 14 In contrast our data revealed only initial Ki67 score < 20% to be a positive prognostic factor for OS. In addition, our cohort was relatively homogenous in terms of KPS and only a small number of patients underwent repeated gross total resection, which might explain the lack of statistical difference. These differences between the mentioned reports might be due to generally relative small patient numbers or the different reirradiation techniques or doses. In addition, the limited patient number in our cohort might affect the multivariate analysis performed. Finally, the limitations of our analysis were the retrospective character and the limited patient number. Furthermore, patients had different radiation doses during the initial radiotherapy, some underwent surgery and had different approaches to systemic therapy during their treatments for initial and recurrent disease. However, this study is the first analysis reporting carbon ion beam reirradiation in recurrent highgrade glioma and that in addition has a reasonable number of patients treated with a homogenous reirradiation approach.
Conclusions
Carbon ion beam reirradiation in recurrent high-grade glioma is safe and feasible. No radiation-associated grade 5 or 4 adverse events were documented and the treatment was generally tolerated well. However, 8 patients developed grade 3 adverse events, which were treated with medical interventions. Further investigations including prospective trials on carbon ion beam reirradiation in recurrent glioma are warranted.
Abbreviations AE, Adverse events; CNS, central nervous system; CT, Computed tomography; CTC, common toxicity criteria; CTV, clinical target volume; EQD2, equivalent dose in 2 Gy; GTV, gross tumor volume; H-SRT, hypofractionated stereotactic radiation therapy; IDH, Isocitrat dehydrogenase; LC, local control; LET, linear energetic transfer; MRI, magnetic resonance imaging; OS, overall survival; PTV, planning target volume; RBE, Relative biological effectiveness; WHO, World Health Organization.
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